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T
he recommended method for diagnosing sleep apnea is polysomnography. 1 As physicians and the general population have gained awareness of sleep apnea, there has been a steadily increasing demand for the investigation of patients who are suspected of having this disorder, which in many sleep laboratories has resulted in unacceptably long waiting lists. This problem has prompted increasing interest in other possible diagnostic approaches, the most common of which is some type of portable monitoring that does not require the patient to be studied in a sleep laboratory. Typically, these devices have utilized various combinations of signals that are commonly used during polysomnography, such as oximetry alone, airflow measured by thermistor or nasal pressure, heart rate variation, snoring, or ribcage/abdominal movement. Some monitors have continued to use EEG and electromyogram recording that allows for sleep staging and the calculation of an apnea-hypopnea index (AHI) [ie, the total number of apneas and hypopneas per hour of sleep time], but the majority do not. Instead, they quantitate "respiratory disturbances" (not distinguishing between apneas and hypopneas) and use total monitoring time as the quotient to determine the respiratory disturbance index (RDI). The validity of portable monitors for investigating patients with suspected sleep apnea generally has been studied by comparing their results with those of the accepted reference standard, sleep-laboratory based polysomnography. A systematic review of the research evidence on portable monitoring for investigating patients with suspected sleep apnea has been conducted by a joint working group of the American College of Chest Physicians, the American Thoracic Society, and the American Academy of Sleep Medicine using the principles outlined in this methodology review (see page 1543).
There are several commonly used approaches for assessing how well two different methods, which have been designed to measure a common variable such as breathing disturbances during sleep, agree with each other. Each method has its strengths and weaknesses. Pearson product-moment correlation coefficients have as an advantage over other methods that they are in common use and that the scale is easily understood. However, they can be misleading and therefore are not recommended. 2 Intraclass correlation coefficients compare total variability among patients, measurement variability, and measurement error. 3 Statistically, they are superior to product-moment correlation coefficients. However, this approach is not intuitive to clinicians and is not commonly used. Calculating the mean differences between two methods of measurement is useful and is preferable to correlation. However, the limits of agreement, the key descriptor that relates how well the measures agree, can be misleading if not calculated properly.
Ultimately, a clinician could accept that the measurement of breathing events using a portable monitor does not agree completely with polysomnography as long as it classifies patients accurately as those with and those without sleep apnea. For these purposes, using sensitivity, specificity, and likelihood ratios (LRs) is more appealing. However, this approach dictates that a patient be classified as having or not having the disorder based on an arbitrary cutoff for the AHI that is variable across studies. There is a wide spectrum of severity of breathing events at night, and the AHI captures only a single dimension. Since a large number of patients have index values around the usual cutoff point, it is possible that a patient's classification could change due to expected variability in the measurement. By dichotomizing results into simply positive or negative, a substantial proportion of information is lost, in particular, information that could better classify a patient as having mild, moderate, or severe disease.
Correlation Analysis
Measuring agreement between two different clinical measurements using a product-moment correlation coefficient can be misleading, since it is only a measure of the strength of a relation. Two methods Figure 1 . The product-moment correlation coefficient is high (r ϭ 0.83), highly statistically significant, and would suggest that the two methods have excellent agreement. However, this correlation coefficient is able to indicate only that the two measurements are related.
Mean Difference and Limits of Agreement (Bland-Altman)
A widely accepted method of measuring agreement is the approach proposed by Bland and Altman 2 in which the difference between the two measurements for each subject is determined. The mean difference provides an estimate of whether the two methods, on average, return a similar result. A mean difference other than 0 suggests a systematic bias in the way that one method is measuring the clinical result of interest (eg, the RDI). The measure of agreement is based on calculating the SDs of the mean difference. The limits of agreement have been defined as Ϯ 2 SDs. How far apart these limits of agreement should be for a measurement method is a question of judgment. Some authors calculate 95% confidence intervals of the estimate of the mean difference and report this rather than the limits of agreement. The two values are related but are not the same. The limits of agreement will be larger. Figure 2 plots the same data that are presented in Figure 1 . Each data point represents the difference between the RDI and the AHI for an individual patient. This is plotted against the average value (ie, RDI ϩ AHI/2) for each patient. With this presentation of the data, it is easy to observe that the mean difference is approximately 7.6 (indicating a systematic bias) and that the limits of agreement are wide (ie, discrepancies of up to 28 events per hour), indicating that there is a substantial lack of agreement.
The limits of agreement may be misleading in the case in which the difference between measurements varies in a systematic way over the range of measure- A nomogram for converting pretest to posttest probability (probabilities are listed as percentages) using LRs. To use the nomogram, anchor a straight edge at the pretest probability and direct it through the appropriate LR. The intersection of the straight edge with the third (right) line produces the probability result. In this example, a pretest probability of 50% combined with an LR of 20 increases the probability of disease to 95%.
ments. 3 A comparison of measurements of breathing disturbances often shows larger differences as the AHI increases. This results in limits of agreement that are too wide for small values of the AHI and are not wide enough for higher values. Therefore, the use of a logarithmic transformation of differences between polysomnography and portable monitors is recommended, but this is rarely done in practice.
When it is not done, the quoted limits of agreement can be misleading and should be interpreted with caution.
Sensitivity/Specificity
The operating characteristics of tests are often summarized as sensitivity (ie, the proportion of patients with disease who have a positive test result, or the true-positive rate) and specificity (ie, the proportion of patients without disease who have a negative result, or the true-negative rate). Using sensitivity and specificity to describe the utility of a diagnostic test has some limitations, since they indicate the probability that the test result will be positive if the patient has the disease, and the probability that the test will be negative if the patient does not have the disease. Clinicians cannot apply these numbers directly, because they do not know whether or not the patient has the disease. What the physician wants to know is conditional, the probability that the patient has the disease if the test is positive or negative (ie, the positive and negative predictive values of the test, respectively). Sensitivity and specificity can be determined by analyzing the When two methods of measurement do not completely agree, the potential user of the test should understand the interaction of sensitivity, specificity, and pretest probability that will dictate the number of tests that will, on average, come back positive or negative and the percentage of times that a positive result will be false-positive, and a negative result will be false-negative. The thresholds of sensitivity and specificity that dictate the ability of a test to exclude or confirm a diagnosis in a substantial percentage of cases and the acceptable rate of false results will be affected by several factors, such as the potential risk to a patient of having test results being labeled false-negative or false-positive. In the former case, it could potentially deny the patient a trial of beneficial therapy. However, this risk could be reduced if symptomatic patients were offered a second test or a polysomnogram. In the latter case, the patient may be offered a trial of therapy in circumstances in which it may not otherwise be indicated. The risk associated with this in sleep apnea is likely to be small, but unless the trial was conducted with polysomnography, it would be difficult to determine whether the use was warranted.
Changing the threshold of what constitutes a normal or abnormal diagnostic test result will change the sensitivity and specificity. Lowering the threshold will increase sensitivity but lower specificity, resulting in more true-positive results (and therefore fewer false-negative results) but also in more falsepositive results (and fewer false-negative results). The converse (ie, increasing the threshold) will have the opposite effect (ie, lower sensitivity and increased specificity). A threshold that results in a low false-negative rate (ie, high sensitivity) is useful to exclude disease, but very few patients may actually have a negative result, so, practically, the impact of performing the test on a population of patients may be small. The converse is true for setting the threshold of a test quite high in order to improve specificity. Very few patients actually may receive a positive result. A receiver operating characteristic (ROC) curve often is used to illustrate the effect of changing thresholds for a positive diagnostic test result (Fig 3) .
LRs
Although sensitivity and specificity are more likely to be used to infer the utility of a diagnostic test to exclude or confirm a disease, either of these statistics, when considered in isolation, can be misleading. This is because positive and negative predictive values depend on the combination of sensitivity and specificity. The utility of a test for excluding or confirming a disorder can be captured in a single number, the LR. The LR for a positive test result is the ratio of the proportion of patients with disease who have a positive test result (ie, the true-positive rate or sensitivity) to the proportion of people without disease who have a positive test result (ie, the false-positive rate). 4 Similarly, the LR for a negative test result is the ratio of the proportion of patients with disease who have a negative test result (ie, the false-negative rate) to the proportion of people without disease who have a negative test result (ie, the true-negative rate or specificity). Using the example of the 2 ϫ 2 table in the first example in Table  1 , the LR for a positive result is calculated as 0.90/0.11 ϭ 8.1. The LR for a negative result is calculated as 0.10/0.89 ϭ 0.11. Mathematically, when using LRs to convert pretest to posttest probabilities, the pretest probability estimate (ie, the estimated prevalence) is first converted to an odds expression (ie, pretest odds ϭ pretest probability/ 1 Ϫ pretest probability), then is multiplied by the LR to obtain the posttest odds, which then are converted back to a probability statement (ie, posttest probability ϭ posttest odds/posttest odds ϩ 1). This process can be greatly simplified with the use of a nomogram (Fig 4) . 5 The nomogram and Table 2 also highlight the interaction between pretest probability and LR on posttest probability. Of note, the posttest probabilities are equal to the positive predictive value and 100 minus the negative predictive value (expressed as the percentages).
The LR in a single number captures the utility of a test to change the probability of disease, and ) ; patients testing positive with a false-positive result, 39/346 (11.3%); patients testing negative, 654/1,000 (65.4%); patients testing negative with a false-negative result, 93/654 (14.2%). # For RDI cutoff of 10: sensitivity, 360/400 (90.0%); specificity, 528/600 (88.0%); positive predictive value, 360/432 (83.3%); negative predictive value, 528/568 (93.0%); patients testing positive, 432/1,000 (43.2%); patients testing positive with a false-positive result, 72/432 (16.7%); patients testing negative, 568/1,000 (56.8%); patients testing negative with a false-negative result, 40/568 (7.0%). **For RDI cutoff of 5: sensitivity, 387/400 (96.8%); specificity, 339/600 (56.5%); positive predictive value, 387/648 (59.7%); negative predictive value, 339/352 (96.3%); patients testing positive, 648/1,000 (64.8%); patients testing positive with a false-positive result, 261/648 (40.2%); patients testing negative, 352/1,000 (35.2%); patients testing negative with a false-negative result, 13/352 (3.7%).
therefore is recommended over sensitivity and specificity for this purpose. The relationship of LRs to different combinations of sensitivity and specificity is shown in Table 3 . A guide to the interpretation of LRs is given as follows: Ͻ 0.05, very large reduction; 0.05 to 0.1, large reduction; 0.1 to 0.2, modest reduction; 0.21 to 5.0, little change; 5.1 to 10.0, modest increase; 10.1 to 20.0, large increase; Ͼ 20.0, very large increase.
Evaluating Multiple Threshold Values for Best Sensitivity and Best Specificity
When trying to address the issue of whether a portable monitor can reduce the probability that a patient has sleep apnea, the focus is on sensitivity. A high sensitivity will result in a low number of false-negative results and a low LR. Conversely, when addressing the issue of whether a portable monitor can increase the probability of sleep apnea, the focus is on specificity. A high specificity will result in a high LR and a low number of falsepositive results.
When the best sensitivity and the best specificity are at different RDI thresholds (ie, different points on the ROC curve), then some patients will meet one or the other criteria, but some will meet neither and therefore will have indeterminate results. For example, if authors reported their best sensitivity at an RDI cutoff of 5 and their best specificity at an RDI cutoff of 15, those patients whose RDI fell between these two thresholds would have a result that did not substantially reduce or increase the probability that they had sleep apnea. If the results are such that a majority of patients fall into this "gray zone," then the test may not be as useful as the best sensitivity and best specificity might suggest. In this regard, it is useful to examine the percentage of patients who meet the criteria for a negative result (ie, best sensitivity) and the percentage that meet the criteria for a positive result (ie, best specificity). Once it is clear what percentage of patients meets the criteria for a negative result or a positive result, the final important questions is what percentage of those patients meeting the criteria actually had a false result (ie, were misclassified by the diagnostic test). This result will be affected by the prevalence as well as the operating characteristics of the test (ie, sensitivity, specificity, and LRs). The best test obviously will be the one with the largest majority of patients who meet the criteria and have a low misclassification rate. The ideal test is one in which there is a single cutoff that has both a high sensitivity and high specificity so that patients have either a negative or positive result, and there is no gray zone.
Using different thresholds for positive and negative results generates combinations of sensitivity and specificity, and different LRs that can be confusing. The example below illustrates this.
Example
Consider 1,000 patients who are suspected of having sleep apnea, 40% of whom ultimately have a positive polysomnogram finding (ie, AHI Ն 10). All patients have an RDI measured from a portable monitor, and the breakdown of the results is shown in Table 4 . If the threshold for a positive result on the portable monitor is changed between the upper group (ie, AHI Ͻ 40 or Ն 40) and the lowest group (ie, Ͻ 5 or Ն 5), a series of 2 ϫ 2 tables can be constructed to evaluate the effect on several different parameters (eg, sensitivity, specificity, predictive values, and percentage of patients with a positive or negative result). This is illustrated in Table 5 .
When several thresholds are being evaluated for a diagnostic test, it is possible to calculate pairs of LRs for each level of the portable monitor result. However, it is more appropriate to calculate LRs for each intermediate threshold, as shown in Table 6 , rather than calculating them for each pair (Table 5 ). Note that the only LRs that correspond between these two approaches are the LR for a positive result at the highest threshold and the LR for a negative result at the lowest threshold. If separate thresholds are used to define a group of patients with sleep apnea and another group of patients without sleep apnea, some patients will fulfill neither criterion. The following tables give the approach used to calculate the number of patients without a positive or negative result. Table 7 combines best specificity (ie, RDI Ն 40) and the best sensitivity (ie, RDI Ͻ 5) [see Table 5 for corresponding calculations]. The outcome is that 462 patients do not have a positive or negative result (ie, they have an RDI between 5 and 40), and among 538 patients with a positive or negative result there are 13 false-negative results and 8 false-positive results. Table 8 demonstrates the effect of using a lower RDI threshold to define patients with sleep apnea (ie, RDI Ն 20) while maintaining the threshold for defining patients without disease (ie, RDI Ͻ 5). The choice of which set of RDIs to use depends on many factors such as the repercussions to the patient of false-positive or false-negative test results. In Table  8 , there are more patients who have a positive or negative result (69.8%). There are still 13 falsenegative results, but now the number of falsepositive results has risen to 39. The difference is that 159 more patients now have a result, but among these 159 patients are 31 more false-positive results.
Conclusions
Although there are several approaches to measuring agreement between two methods of measurement, such as portable monitoring and polysomnography, each one has limitations. The two recommended approaches are the following: (1) the Bland-Altman calculation of mean differences and limits of agreement; and (2) sensitivity, specificity, and LRs. The latter approach is in most common use. To correctly interpret the meaning of the combination of sensitivity and specificity or a LR, it is important to understand how test operating characteristics interact with pretest probability (ie, prevalence) to generate predictive values (posttest probabilities), which is the information that a clinician requires to make an informed choice about a diagnostic test. A test result above a threshold level that is associated with a high LR indicates an increased probability of disease. The higher the LR, the higher the probability. A test result below a threshold that is associated with a low LR indicates a decreased probability of disease. The lower the LR, the lower the probability. It is important to remember that when different thresholds are used to generate high and low LRs (or high specificities or sensitivities, respectively), a certain and possibly substantial proportion of patients may have a nondiagnostic result. This percentage should be considered when evaluating the utility of the test in a particular patient population. 
